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SUMMARY 


This  final  technical  report  covers  all  work  performed  by  SRI 
International  on  Contract  N00014-S6-K-0596  for  the  period  1  July  1986  through 
31  October  1987.  The  main  objective  of  this  research  program  was  to  establish 
the  applicability  of  a  novel,  liquid  metal  field-emission  electron  source  to 
the  need  for  fast  repetitive  opening  switches. 

Liquid  metal  field-emission  electron  sources  typically  consist  of  a  small 
capillary  through  which  the  liquid  metal  is  forced.  The  application  of  a  vol¬ 
tage  between  the  capillary  and  an  anode  causes  the  liquid  metal  to  form  a 
sharp  pointed  cone.  When  the  field  at  the  cone  tip  exceeds  the  threshold  for 
field  emission,  a  large  electron  current  flows  to  the  anode.  This  electron 
pulse  is  accompanied  by  a  rapid  heating  of  the  liquid,  producing  an  explosive 
pressure  rise.  As  the  electric  field  is  restored,  the  tip  re-forms,  resulting 
in  a  self-pulsing  mode  of  operation.  The  pulse  rate,  average  current,  and 
current  per  pulse  are  all  functions  of  the  metal  composition,  emitter  geome¬ 
try,  and  diode  voltage. 

A  number  of  the  above-mentioned  characteristics  were  studied  during  this 
contract  period  and  are  reported  here.  A  single  emitter  tip  was  seen  to  pro¬ 
duce  current  pulses  in  excess  of  50  amperes,  with  a  rise  time  of  a  few  nano¬ 
seconds  and  a  width  of  5-50  ns.  Pulsing  rates  vary  between  10  Hz  and  20  kHz 
under  the  conditions  studied.  Dispersed  optical  radiation  was  also  measured 
and  showed  primarily  emission  from  neutral  atomic  species  presumably  excited 
by  electron  impact  in  the  gas  phase.  The  results  we  obtained  indicate  that 
many  of  the  operational  parameters  of  these  devices  can  be  controlled, 
although  the  mechanisms  are  not  yet  understood.  In  particular,  the  enhanced 
mode  of  operation  found  for  the  Ga/In/Ar  system  gives  very  large,  narrow  cur¬ 
rent  pulses  by  an  unknown  mechanism.  The  use  of  various  diagnostics,  includ¬ 
ing  the  dispersed  optical  emission,  may  provide  some  Insight  into  these 
mechanisms . 
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INTRODUCTION  AND  BACKGROUND 


Many  developing  SDI  and  DoD  technologies,  such  as  directed  ene  rgy  appli¬ 
cations,  electromagnetic  propulsion,  and  controlled  fusion.  Involve  Che  use  of 
pulsed  power  technology.  This  technology  normally  involves  capacitive  storage 
of  electrical  energy  that  is  rapidly  delivered  to  a  load  by  means  of  fast 
switches  such  as  spark  gaps,  as  shown  in  Figure  ICa).  However,  inductive 
storage  is  of  considerable  interest  primarily  because  of  the  order  of  magni¬ 
tude  improvement  in  stored  energy  density.  The  key  technological  problem 
limiting  the  development  of  an  inductive  storage  system  is  the  lack  of  a  Fast, 
reliable,  repetitive  opening  switch. 

The  basic  circuit  of  an  Inductive  storage  system  is  shown  in  Figure  1(b). 
The  major  function  of  the  opening  switch  is  to  conduct  the  current  during  the 
current  buildup  phase  and  then  he  capable  of  interrupting  that  current  when  it 
is  desired  to  switch  the  current  into  the  load.  The  opening  process  is  a  chal¬ 
lenging  assignment  because  of  the  large  voltages  that  occur  across  the  switch 
owing  Co  L  ^  emf  as  the  current  through  the  switch  decreases.  Because  most 
applications  Involve  the  Interruption  of  large  currents  (kilo-  Co  mega-amperes'' 
in  short  times  (microseconds  to  nanoseconds),  very  large  transient  emfs  can  he 
expected;  thus,  any  useful  switch  must  he  capable  of  complete  electrical  con¬ 
trol  under  very  strenuous  conditions. 

The  feasibility  of  using  inductive  storage  has  been  demonstrated  using 
single-shot  switches,  but  for  most  applications  the  need  is  for  switches  that 
can  he  operated  repetitively  and  that  promise  reasonable  lifetimes.  Switches 
can  he  ciassslfled  into  two  categories;  true  opening  switches  chat  maintain 
current  control  and  uncontrolled  current  switches  in  which  counterpoising  or 
other  techniques  are  required  to  Interrupt  the  current  and  force  the  sv'icch  to 
open.  Vacuum  trlodes  and  elect ron-heam-cont rol led  discharges  fall  in  the 
first  category,  and  vacuum  arcs  of  various  types  belong  in  the  second.  The 
continuing  research  program  described  here  focuses  on  a  triode  concept  chat 
falls  in  the  true  opening  switch  class.  The  active  element  of  the  triode  is  a 


liquid  metal  field-emission  source.  This  novel  electron  emission  source  has  a 
number  of  attractive  features  for  the  present  application,  including 


Low  voltage  control 
Fast  response  times 

High  electron  emission  current  density 
High  voltage  standoff 
Vacuum  operation 

Constant  restoration  of  emitter  tips  (self-healing). 


Positive  ion  sources  based  on  field  evaporatlon/f leld  ionization  of 
liquid  metals  have  been  under  investigation  for  a  number  of  years.  These 
sources  have  been  sucessfuliy  operated  in  a  dc  mode  to  produce  ions  of  a  wide 
variety  of  elements,  including  atomic  and  molecular  ions  of  Li,  Cs ,  Sn,  Ga, 

In,  Hg,  Au,  Bl,  Ge,  and  U.  In  general,  the  liquid  metal  ion  source  (LUIS) 
consists  of  a  solid  metal  nozzle  or  needle,  typically  made  of  tungsten,  that 
is  wet  with  a  continuous  supply  of  a  liquid  metal.  Vrhen  an  electric  field  is 
established  between  the  emitter  tip  and  a  suitable  extraction  electrode,  the 
liquid  metal  is  drawn  into  a  sharp  point  such  that  the  electrostatic  and  sur¬ 
face  tension  forces  are  balanced.  The  resulting  cone  tip  is  well  described  in 
the  static  case  by  the  Taylor  model;^  however,  in  the  actual  fluid  dynamic 
operation  of  the  source,  the  tip  behavior  may  be  more  complex.^  Because  of 
the  very  small  radius  of  the  cone  tip  (hundreds  of  Angstroms),  the  local  elec¬ 
tric  field  becomes  sufficiently  strong  (~1  V/K)  to  extract  positive  Ions  from 
the  liquid  metal.  Total  emission  currents  in  excess  of  100  have  been 
achieved  in  many  cases,  with  very  high  long-term  stability. 

The  conditions  that  exist  at  the  tip  of  the  LMIS  described  above  can  also 
produce  electron  field  emission  if  the  potentials  are  reversed.  This  type  of 
Source  has  been  demonstrated  by  Swanson  and  Scbwind.^  Although  field-emission 
electron  sources  are  well  known  and  extensively  used  in  electron  microscopes, 
they  have  typically  depended  on  solid  needle-point  "whiskers"  of  tungsten  to 
produce  the  requisite  field  strength.  On  the  other  hand,  the  use  of  liquid 
metal  sources  for  Intense  electron  field  emission  has  not  been  investigated  in 
a  systematic  manner. 


When  operated  In  the  electron  field-emission  mode,  a  Ga/In  liquid  metal 
emitter  produced  extremely  high  peak  currents  In  a  free-running  self-pulsing 
mode.  Current  pulses  with  peak  values  of  40-60  A  have  been  measured  from  a 
single  tip,  with  rise  times  of  2  ns  and  3-5  ns  full  width  at  half  maximum  (fwhm). 
The  pulse  repetition  rate  depends  on  the  RC  time  constant  of  the  circuit  and 
the  power  supply.  Repetition  rates  of  between  40  and  80  kHz  have  been  mea¬ 
sured.  In  this  mode,  the  current  goes  completely  to  zero  after  each  pulse  and 
stays  at  zero  if  the  voltage  Is  removed.  The  explanation  offered  for  this 
pulsing  behavior  is  that  as  the  field  is  applied,  the  tip  radius  decreases, 
thus  Increasing  the  tip  field  strength  and  therefore  the  electron  emission. 
Localized  heating  at  the  tip  results  from  the  energy-exchange  processes  that 
accompany  field  emission.  This  heating  can  he  sufficiently  rapid  and  exten¬ 
sive  to  evaporate  the  liquid  metal  in  an  explosive  event  that  momentarily 
shorts  the  diode  with  a  large  hurst  of  current.  The  tip  then  collapses 
because  the  field  drops  as  the  diode  Is  shorted.  However,  as  soon  as  the  tip 
collapses  and  the  current  flow  Is  Interrupted,  the  field  reappears,  and  the 
tip  begins  to  re-form  as  the  liquid  metal  flows  into  position  to  heal  the 
damage.  A  new  tip  then  begins  to  form,  and  the  process  repeats  itself,  lead¬ 
ing  to  a  rapid  self-pulsing  effect. 

Two  energy-exchange  processes  are  responsible  for  the  heating  observed  in 
the  Ga/In  source  described  above.  At  low  electron  emission  currents,  the 
energy  exchange  is  dominated  by  the  so-called  Nottingham  effect.  This  effect, 
which  can  produce  either  heating  or  cooling  of  the  cathode,  arises  from  the 
net  difference  in  energy  between  the  source  of  electrons  (the  liquid  metal) 
and  the  free  electrons  emitted  by  the  tip.  The  second  energy-exchange  process 
is  the  more  familiar  resistive,  or  Joule,  heating.  This  latter  process  is 
important  at  higher  emission  currents  and  is  due  to  the  finite  electrical 
resistance  of  the  metal.  Since  large  numbers  of  free  electrons  must  he  sup¬ 
plied  from  the  electrical  source  through  the  liquid  metal  to  the  tip,  the 
Joule  heating  produces  a  very  rapid  temperature  rise. 

A  single  liquid  metal  field-emission  tip  operating  in  the  self-pulsing 
mode  Would  not  he  applicable  to  the  pulsed  power  situation  under  consideration 
here.  However,  the  total  peak  current  required  for  switching  applications 
could  be  achieved  by  an  array  of  such  liquid  emitters.  If  a  10  x  10  array  of 
sources  were  made  so  that  each  of  the  100  sources  produced  about  50-A  peak 
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current  pulses,  then  It  would  be  possible  to  produce  5  kA  of  peak  switched 
current.  For  such  an  array  to  work,  all  the  tips  would  have  to  "explode"  very 
nearly  simultaneously  because  of  the  shorting  effect  of  the  tip  explosion. 

This  would  require  accurate  fabrication  of  the  cathode  structure,  or  Indivi¬ 
dually  controlled  tips  all  acting  In  parallel,  or  both.  One  feature  of  the 
liquid  emitter  seems  to  be  that  the  onset  of  the  explosive  emission  is  repeat- 
able  for  a  given  tip.  Thus,  It  may  be  possible  to  make  a  small  array  with 
tips  that  can  be  individually  biased  to  within  a  few  volts  of  the  onset  of 
emission  and  then  pulsed  together  to  trigger  simultaneous  emission.  The 
maximum  current  pulse  reported  by  Swanson  and  Scbwind  for  a  single  tip  was 
250  A.  Thus,  a  four-tip  array  with  simultaneous  triggering  would  switch  a 
1-kA  pulse. 

Another  alternative  would  be  to  fabricate  a  much  larger  array  such  that 
enough  tips  would  explode  at  any  given  time  to  switch  the  required  current 
loads.  In  a  100  x  100  array,  only  0.04%  of  the  tips  would  have  to  trigger 
simultaneously  to  switch  the  same  load.  If  the  average  emission  pulse  is 
10  ns  and  the  self-pulsing  rate  Is  100  kHz,  then  there  is  a  high  probability 
that  four  or  more  tips  would  trigger  simultaneously.  Thus,  the  multipoint 
array  would  not  require  Individual  tips  to  be  controlled  but  rather  would 
depend  on  the  random  pulsing  of  a  large  number  of  tips. 

Another  possible  approach  to  the  multitip  array  is  the  use  of  a  linear 
Source.  Clarapltt  and  coworkers^  reported  that  when  molten  metal  forms  a  thin 
film  along  a  linear  structure  ("razor  blade")  in  the  presence  of  strong  a 
electric  field,  a  periodic  cusp-like  structure  is  generated.  The  periodicity 
of  the  cusps  Is  determined  by  the  field  strength  and  the  surface  tension  of 
the  liquid.  Each  cusp  then  acts  as  a  Independent  emission  site,  resulting  In 
a  one-dlmens Iona  1 ,  linear  array  of  tips.  Although  Clampltt's  work  demon¬ 
strated  this  type  of  Source  only  for  Ion  emission,  it  is  reasonable  to  expect 
a  similar  effect  to  produce  electron  emission  under  the  correct  conditions. 

The  liquid  metal  field  emitter  has  several  appealing  features  for  the 
fast,  repetitive  Switch  application.  It  can  deliver  very  large  peak  currents 
In  a  pulsed  mode  without  destroying  Itself.  It  Is  self-healing  In  the  event 
of  discharge,  since  the  working  tip  material  Is  resupplied  by  the  liquid.  The 
liquid  metal  field  emitter  can  supply  Its  own  positive  Ions  for  space  charge 
neutralization.  It  can  be  shut  off  rapidly,  and  Its  emission  Is  highly 


repeatable  for  a  given  geometry.  Figure  2  is  a  diagram  of  a  triode-vaouum 
switch  based  on  a  liquid  metal  field-emitter  array. 

The  nanosecond  pulse  lengths  reported  in  the  literature  for  liquid  metal 
electron  emission  sources  are  too  short  with  respect  to  the  millisecond  L/R 
time  constants  of  the  desired  switching  circuits.  As  noted  above,  liquid 
metal  positive  ion  sources  can  easily  operate  in  the  dc  mode.  The  explosive 
evaporation  that  Swanson  and  Schwind  observed  for  the  Ga/Tn  electron  source 
does  not  occur  in  the  ion  emission  mode,  primarily  because  the  Nottingham 
effect  serves  to  cool  the  source  rather  than  heat  it.  Thus,  if  the  electron 
source  can  similarly  he  made  to  operate  in  a  mode  in  which  the  Nottingham 
effect  does  not  heat  the  liquid  metal  tips  during  emission,  long-pulse  or  even 
dc  operation  should  be  possible. 

The  factors  that  govern  both  the  magnitude  and  sign  of  the  Nottingham 
effect  are  complex  functions  of  the  liquid  materia^  properties  (surface  ten¬ 
sion,  work  function,  heat  capacity,  thermal  conductivity,  etc.),  the  field 
strength,  the  fluid  dynamics  of  the  system,  and  emission  characteristics  of 
the  tips.  Thus,  it  is  not  possible  to  determine  beforehand  which  systems 
would  yield  electron  emission  with  little  or  no  energy  transfer  to  the  liquid 
metal  tip.  However,  the  systematic  investigation  of  a  variety  of  liquid 
materials  in  conjunction  with  differing  tip  geometries  and  substrate  materials 
would  provide  much  of  the  necessary  information.  For  example,  one  attractive 
combination  of  emitter  tip  material  and  substrate  material  is  liquid  cesium 
flowing  on  a  molybdenum  needle  tip.  A  partial  monolayer  coverage  of  cesium  on 
molybdenum  is  known  to  produce  a  surface  of  very  low  work  function  ( . 1  eV) .  A 
number  of  other  such  combinations  are  known  and  may  prove  of  value  in  this 
application.  In  fact,  mixed  emitter  materials  such  as  zirconium-oxygen-tungsten 
when  used  in  a  cold-cathode  electron  field-emission  source  have  demonstrated 
significant  cooling  of  the  tips  with  increased  emission.^ 

An  additional  possibility  for  controlling  the  emission  characteristics  of 
liquid  metal  tips  is  laser-assisted  or  -activated  photoemission.  Recent  work 
on  the  electron  emission  characteristics  of  thin  film  alkali  photocathodes 
indicates  that  large  peak  current  density  pulses  (~75  A/cm  )  can  be  readily 
obtained  using  low  power  laser  excitation.^  This  behavior  suggests  that  the 
liquid  metal  tips  could  similarly  yield  large  current  density  pulses  of 
electrons  under  laser  irradiation.  This  approach  has  the  advantage  of  a  very 
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fapld  switching  time,  governed  by  the  laser  pulse  shape.  Thus,  an  array  of 
liquid  emitters  (either  two-dimensional  or  linear  cusps)  could  be  biased  to  a 
point  just  below  their  nominal  field-emission  point  and  then  switched  on  by  a 
low-power,  nanosecond  laser  pulse.  If  the  tip  bias  voltage  were  simultane¬ 
ously  raised  above  the  emission  threshold  value,  then  the  electron  emission 
Initiated  by  the  laser  pulse  might  be  sustained  by  the  static  field.  This 
combination  could  produce  long-pulse  or  even  dc  switch  action  with  very  fast 
switching  time  and  high-peak-current  density. 

The  use  of  laser  Initiated  electron  emission  has  been  reported  only  with 
thin  film  alkali  photocathodes  and  not  with  liquid  metal  tips  sources  of  the 
type  proposed  for  study.  However,  in  preliminary  experiments  in  our  labora¬ 
tory,  we  have  observed  that  when  a  Cs'*’  beam,  formed  using  a  slngle-tlp  liquid 
emitter,  was  Irradiated  with  the  unfocused  514.5-nm  line  from  an  Ar"*"  laser, 
positive  Ion  emission  stopped.  Ac  the  same  time,  intense  electron  emission 
was  detected.  A  systematic  study  of  this  process  using  the  wide  variety  of 
laser  excitation  sources  available,  with  regard  to  both  pulse  characteristics 
and  photon  energy.  Is  needed  to  apply  this  triggering  method. 


RESEARCH  PROGRESS 


The  Roai  of  the  Initial  phase  of  research  was  to  Investigate  the  pulsing 
characteristics  of  a  simple  single-tip  liquid  metal  field-emission  source. 

Because  this  type  of  source  has  only  been  described  briefly  in  the  literature 
by  Swanson  and  Schwlnd , ^  it  was  Important  to  duplicate  their  results.  Experi¬ 
mentally,  this  task  consisted  of  assembling  a  suitable  vacuum  test  stand, 
fabricating  a  liquid  metal  field-emission  diode,  and  measuring  its  electron 
emission  characteristics.  Each  of  these  tasks  is  described  below,  along  with 
a  presentation  of  some  representative  results.  Additional  details  and  discus¬ 
sion  can  be  found  in  the  Appendix,  "Characteristics  of  a  Ptjlsed,  Liquid  Metal 
Field-Emission  Source  for  Use  in  Fast  High-Current  Switches,"  presented  at  the 
Symposium  on  Innovative  Science  and  Technology,  Los  Angeles,  CA,  in  January  19S8. 

Experimental  Details 

The  vacuum  test  stand  used  for  this  work  consisted  of  a  large  (45-cm  dia¬ 
meter,  25-L  volume)  aluminum  chamber  pumped  by  a  baffled  6-in.  oil  diffusion 
pump.  Base  pressures  were  typically  1  x  10“^  Torr,  rising  to  varying  degrees 
(see  below)  when  then  source  was  operating.  The  front  flange  of  the  chamber 
was  fabricated  from  Luclte  to  allow  continuous  observation  of  the  emitter  tips 
under  actual  operating  conditions.  In  addition,  a  smaller  window  was  provided 
on  the  rear  vacuum  flange  to  permit  observation  of  the  optical  emission  spec¬ 
trum  accompanying  the  electron  emission. 

We  investigated  three  liquid  metal  field  emitter  tip  configurations, 
including  a  commercially  available  tungsten  needle.^  This  needle  has  a 
nominal  opening  of  0.001  in.  In  the  simplest  configuration,  the  needle  is 
mounted  to  a  Swage-lock  fitting  connected  to  a  length  of  0.25  -in.  diameter 
Teflon  tubing.  The  tubing  exits  through  the  vacuum  chamber  and  serves  as  the 
feed  source  for  the  liquid  metal  and  permits  adjustment  of  the  pressure  behind 
the  emitter  tip.  Figure  3  is  a  diagram  of  the  standard  emitter  tip  experi¬ 
mental  configuration.  The  Teflon  feed  line  can  be  evacuated  or  pressurized 
with  an  added  gas. 
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The  ocher  two  emitter  dp  geometries  consist  of  an  open  pool  of  liquid 
metal  with  an  etched  tunr-sten  whisker  protruding  through  the  droplet  or  a 
heated  pool  of  liquid  metal  without  the  whisker.  These  configurations  are 
illustrated  in  Figures  2(a)  through  (c)  of  the  Appendix. 

The  emitter  tip  forms  the  cathode  of  a  simple  diode  structure.  The  anode 
is  formed  by  an  extraction  aperture  and  collector  plate  that  are  spaced  apart 
by  10  cm  but  electrically  connected.  The  tip  is  mounted  such  that  it  is 
coplanar  with  the  0. 25-ln. -diameter  extraction  aperture.  This  configuration 
essentially  duplicates  that  of  Swanson  and  Schwind .  Electrically,  the  anode 
structure  is  connected  Co  a  variable  0-  to  25-kV  power  supply  through  either  a 
10-MQ  or  100-M'^  ballast  resistor.  The  cathode  tip  is  grounded  through  the 
50-^  input  impedance  of  a  Tektronix  model  2430  digital  storage  oscilloscope. 

Operation  of  the  liquid  metal  field-emission  source  is  straightforward. 
Before  the  test  stand  is  evacuated,  a  supply  of  Oa/Tn  alloy  (a  liquid  at  room 
temperature)  is  placed  in  the  Teflon  cube  near  the  emitter  tip.  During  pump- 
down  of  the  test  stand,  the  volume  behind  the  Ga/In  supply  is  evacuated  using 
the  pumping  system  shown  in  Figure  3.  This  step  prevents  the  crapped  gas 
behind  the  liquid  metal  from  forcing  the  alloy  through  the  tip  into  the  low 
pressure  region  of  the  main  chamber.  Once  the  test  stand  has  been  evacuated, 
the  liquid  metal  must  be  pressurized,  so  that  begins  to  flow  through,  and  wet, 

the  tip.  Once  liquid  metal  is  seen  to  protrude  from  the  tip,  Che  high-volcage 

bias  can  be  applied.  The  open  pool  emitter  configurations  require  no  special 
preparations  for  operation.  The  liquid  metals  will  typically  wet  the  tungsten 
whisker  and  he  pulled  along  its  length  Co  the  tip.  The  heated  emitter  begins 
operating  as  soon  as  the  temperature  is  raised  to  the  melting  point  of  the 
metal . 

Depending  on  the  exact  tip  configuration,  prior  conditioning,  etc.,  the 

voltage  threshold  for  field  emission  may  vary  from  a  few  to  15  kV.  Ac  thres¬ 

hold,  the  electron  emission  is  somewhat  erratic,  triggering  the  scope  at  ran¬ 
dom.  However,  with  only  a  modest  Increase  in  voltage  above  threshold 
(1-200  volts),  the  emission  becomes  more  stable.  Using  the  averaging  capabi¬ 
lity  of  the  2430  scope,  we  can  accumulate  a  number  of  electron  pulses  to 
accurately  measure  the  average  pulse  height  and  time  behavior. 
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Figure  3.  Experimental  configuration  used  to  measure  pulsed  electron 
field-emission  characteristics. 

Pulsed  Electron  Emission  Characteristics 


(A 


Figure  4  shows  a  typical  trace  recorded  in  the  manner  described  above. 

The  average  peak  pulsed  electron  current  is  seen  to  he  ~26  amperes.  The  pulse 
rise  time  is  measured  to  be  1.6  ns,  with  an  fwhm  of  3.5  ns.  Under  our  experi¬ 
mental  conditions  (effective  circuit  capacitance  of  30  pF),  the  measured  repe¬ 
tition  rate  was  10-20  kHz.  Although  this  pulsing  rate  is  somewhat  slower  than 
that  reported  by  Swanson  and  Schwlnd  (40-S0  kHz),  the  pulse  shape  and  peak 
current  are  comparable.  This  simple  emitter  configuration  yielded  stable 
operation  for  many  hours  with  a  signal  of  the  type  characterized  by  the  trace 
in  Figure  4.  To  sustain  this  long-term  operation,  however,  we  had  to  apply  a 
slight  positive  gas  pressure  behind  the  liauid  metal.  Even  under  these  condi¬ 
tions,  the  pressure  rise  in  the  chamber  amounted  to  only  5  x  10“^  Torr.  This 
small  pressure  rise  indicates  that  the  gas  used  to  force  the  Ga/Tn  alloy 
through  the  tip  does  not  pass  directly  into  the  vacuum  chamber. 


An  alternative  operational  mode  was  observed  when  the  added  gas  pressure 
was  Increased  beyond  that  required  to  sustain  a  normal  liquid  metal  tip.  This 
alternative  mode  was  characterized  by  a  greater  rise  in  chamber  pressure 
(5-8  X  10“^  Torr),  indicating  that  the  added  gas  was  "channeling”  through  the 
liquid  metal  and  passing  directly  into  the  vacuum  chamber.  A  typical  electron 
pulse  in  this  mode  is  shown  in  Figure  5  using  argon  gas  with  the  same  Ga/In 
alloy  that  produced  the  results  in  Figure  4.  The  peak  electron  current 
clearly  is  greatly  enhanced,  reaching  ~78  A.  In  addition,  the  rise  time  is 
now  less  than  1  ns,  while  the  fwhm  is  also  reduced  to  1.4  ns. 


The  mechanism  responsible  for  this  improved  performance  is  not  yet  under¬ 
stood.  However,  prolonged  operation  in  this  mode  (many  hours)  results  in  a 
significant  erosion  of  the  emitter  tip.  This  erosion  typically  resulted  in  an 


Increase  in  throat  size  from  0.001  in.  to  as  much  as  0.010  In.  Some  additio¬ 


nal  qualitative  observations  can  be  made  concerning  operation  in  the  enhanced 


mode  relative  to  the  normal  mode.  In  the  normal  mode,  electron  emission  is 


accompanied  by  optical  radiation  produced  at  the  tip.  This  optical  emission 
was  also  observed  by  Swanson  and  Schwlnd  to  be  localized  at  the  tip  [compare 
Figure  4(c)  in  reference  3] .  Visually,  this  emission  appeared  to  be 
bluish-white,  with  a  very  small  spaclal  extent.  On  the  other  hand.  In  the 
added  gas  mode  with  argon,  the  appearance  of  the  optical  emission  changed 
significantly.  Under  this  mode,  the  spaclal  extent  of  the  emission  was  much 
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Figure  5.  Field-emission  electron  pulse  for  Ga/ln  (75/25)  with  added 
argon  gas  at  10  kV  anode  voltage. 
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larger  (many  millimeters)  and  had  an  appearance  more  characteristic  of  an 
argon  emission  spectrum.  These  qualitative  observations  were  substantiated  hy 
measurements  of  the  dispersed  emission  spectra  (see  heiow) .  In  addition  to 


the  changes  in  the  light  emitted  from  the  tip  region  under  the  two  operating 


modes,  the  added  gas  mode  also  produced  an  incandescent  region  just  at  the  rim 


of  the  emitter.  Because  of  the  small  size  of  the  tip,  this  region  cannot  he 


localized  to  the  Inside  of  the  tip,  the  rim  itself,  or  the  entire  tip 


region.  The  incandescence  seems  to  indicate  that  the  tip  region  is  being 


bombarded,  most  likely  by  positive  ions  accelerated  in  the  extraction  field 


In  addition  to  causing  the  Incandescent  glow,  these  ions  may  also  generate 


secondary  electrons  that  would  contribute  to  the  enhanced  field-emission 


pulse.  This  mechanism  does  not,  however,  address  the  changes  in  the  temporal 


behavior  of  the  electron  emission.  In  fact,  a  simple  calculation  shows  that 
for  the  experimental  extraction  field  strength  of  ~3.2  x  10^  V/cm  (10  kV 
between  the  tip  and  the  extraction  electrode,  0.32-cm  spacing),  argon  ions 
could  only  reach  the  tip  in  a  time  short  compared  with  the  1-ns  rise  time  of 
Figure  5  If  they  were  formed  within  4  x  10“^  cm  of  the  tip  region.  However, 
ions  formed  that  close  to  the  tip  would  only  be  accelerated  to  12  eV  before 
striking  the  emitter.  This  energy  is  not  sufficient  to  produce  secondary 
electrons.  Moreover,  the  primary  electrons  emitted  by  the  tip  would  similarly 
have  only  about  12  eV  of  energy  at  the  4  x  10“^  cm  distance,  where  argon  ions 
Would  need  to  be  formed  by  electron  impact  ionization.  Since  this  energy  is 
below  the  argon  ionization  potential,  this  mechanism  does  not  seem  to  fit  the 


observations.  Nonetheless,  some  Interaction  between  the  added  gas  and  the  tip 


causes  the  Incandescence,  although  it  is  not  clear  at  this  time  whether  this 


process  is  related  to  the  enhanced  electron  emission  or  altered  pulse  shape. 


We  conducted  several  brief  experiments  using  added  gases  other  than 
argon.  Both  helium  and  hydrogen  produced  similar  results:  enhanced  electron 
emission  with  a  corresponding  narrowing  of  the  pulse  length.  Because  the 
exact  conditions  are  difficult  to  reproduce  using  the  existing  configuration, 
we  cannot  determine  if  the  gas  pressure  and  liquid  metal  supply  were  compar¬ 
able  from  one  gas  species  to  the  next.  Thus,  we  cannot  determine  from  these 
results  if  one  of  these  gases  is  more  effective  than  another  at  enhancing  the 
electron  emission.  This  type  of  quantitative  comparison  requires  a  conflg  ra¬ 
tion  that  uses  an  Independent  liquid  metal  feed  system  so  that  the  emitting 
tip  can  be  maintained  constant  while  only  the  added  gas  species  is  changed. 


Si 


We  also  tested  an  alternative  method  of  adding  argon  gas  to  the  system. 
Rather  than  adding  the  gas  to  the  liquid  metal  feed  system,  we  simply  admitted 
the  gas  to  the  vacuum  chamber  to  give  the  same  approximate  pressure  rise.  The 


enhanced  mode  of  operation  could  not  he  produced  under  those  condition,  hut 
rather  the  emitter  behaved  exactly  as  with  only  the  Ga/In.  Thus,  it  appears 
Important  for  the  argon  to  be  at  a  relatively  high  pressure  at  the  local  site 
of  electron  emission. 

While  experimenting  with  the  added  gas  operational  mode,  we  observed  that 
very  high  flow  rates  of  argon  (as  determined  by  a  correspondingly  large  rise 
in  chamber  pressure)  produced  a  pulsed  electron  field-emission  signal  with  a 
much  longer  pulse  length.  We  conducted  further  experiments  using  the  configu¬ 
ration  in  Figure  3  without  liquid  metal.  A  typical  electron  pulse  is  shown  in 
Figure  A  for  argon  at  10-kV  anode  potential.  Although  the  peak  current  is 
only  3-4  amperes,  the  fwhm  is  >50  ns  while  the  rise  time  remains  below  a  few 
nanoseconds.  The  rapid  oscillatory  structure  may  be  due  to  signal-processing 
effects,  although  it  is  somewhat  reproducible.  Interestingly,  the  electron 
field-emission  using  only  argon  gas  is  also  pulsed  at  a  rate  of  a  1-2  kHz. 
Clearly,  the  origin  of  the  pulsing  with  pure  argon  is  not  the  same  as  for  the 
coliapse/reformation  mechanism  of  the  liquid  metal.  The  pulsing  is  most 
likely  due  to  the  complete  shorting  of  the  diode  caused  by  the  large  inte¬ 
grated  current  flow  followed  by  collapse  of  the  electric  field.  Although  the 
field  is  reestablished  rapidly,  the  limited  capacity  of  the  power  supply, 
coupled  with  the  circuit  capacitance  (30  pF),  leads  to  a  "charging’’  time  of 
~1  ms  before  electron  emission  can  be  initiated  again. 

By  increasing  the  capacitance  of  the  charging  circuit  from  30  pF  to 
500  pF  using  an  external  capacitor,  the  pulsed  electron  signal  shown  in 
Figure  7  was  obtained.  Under  these  conditions,  the  peak  current  is  IR  A,  with 
a  fwhm  of  ~300  ns.  The  field  emission  signal  appears  to  have  the  same  Initial 
rise  time  and  structure  as  the  low  capacitance  pulse  in  Figure  h.  However, 
after  a  few  tens  of  nanoseconds,  the  current  begins  to  Increase  again,  then 
peaks,  and  falls  to  zero.  This  unusual  temporal  behavior  is  not  fully  under¬ 
stood.  In  this  mode,  the  repetition  rate  fell  to  —100  Hz,  probably  owing  to 
the  limitations  of  the  power  supply.  The  corresponding  average  pulsed  current 
in  this  configuration  is  0.36  mA,  or  3.6  kW,  of  average  power  from  a  single 
emitter  tip. 
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Figure  6.  Pulsed  electron  field-emission  using  only  argon  gas. 

Effective  circuit  capacitance  of  30  pF.  Anode  voltage  10  kV. 
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However,  as  did  the  Ga/In/Ar  mode,  the  j»as-only  mode  resulted  In  a  signi¬ 
ficant  erosion  of  the  emitter  tip  within  a  few  hours  of  operation.  Similar 
field  emission  mechanisms  may  he  responsible  for  the  increased  electron  cur¬ 
rent  observed  in  the  presence  of  pas.  Simply  reversing  the  power  supply 
polarity  produced  a  very  stable,  dc  discharge  ion  source.  This  mode  of  posi¬ 
tive  ion  formation  is  typical  of  both  hollow  cathode  sources  and  the 
commercially  produced  "Cap  1  Hat  run"  ion  source. 

Two  major  shortcomings  of  the  simple  needle-type  emitter  tips  are  the 
difficulty  sometimes  encountered  in  wetting  the  tip  and  producing  a  continuous 
flow  of  metal  and  the  erosion  noted  in  enhanced  mode  operation.  To  overcome 
these  problems,  we  tested  an  alternative  field  emission  device,  as  shown 
schematically  in  Figure  S.  The  emitter  tip  consisted  of  a  O.OOl-in.  diameter 
tungsten  wire  etched  to  produce  a  very  fine  whisker  tip.  The  liquid  metal  was 
then  "pooled"  around  the  tip  in  a  small  depression  formed  in  the  cathode 
plate.  We  used  a  ternary  eutectic  of  Ga/In/Sn  (62.5/21.5/16)  having  a  melting 
point  of  lO./'^C.  This  configuration  operated  reliably,  producing  modest  peak 
currents  and  pulse  shapes  typified  by  the  oscilloscope  traces  shown  in 
Figure  9.  The  peak  current  in  Figure  9  Is  6  A,  measured  both  as  the  electron 
pulse  arriving  at  the  anode  and  as  the  current  drawn  by  the  cathode.  The 
measured  rise  time  was  generally  long,  30-50  ns,  with  a  fwhm  of  50-75  ns. 

This  type  of  field-emission  source  has  the  advantage  of  simplicity  over  the 
needle-type  source,  at  the  expense  of  lower  currents.  A  possible  reason  for 
the  reduced  peak  current  levels  is  the  limited  supply  of  m.etal  available  at 
the  tip  of  the  tungsten  whisker. 


The  threshold  for  electron  emission  depends  primarily  on  the  electric 
field  at  the  tip  of  the  liquid  metal.  The  tip  radius,  in  turn,  depends  on  the 
liquid  metal  used.  To  a  first  approximation,  the  radius  is  proportional  to 


1/2 


Vg"' where  Vg  Is  the  surface  tension  of  the  liquid.  Figure  10  shows  the 


average  field  emission  currents  measured  as  a  function  of  diode  voltage  for 
indium  ( Ye  “  ^^0  dyn/cm),  ga 1 liura/lndlum  ( v-  “  dyn/cm),  and  potassium 


( Vg  =  86  dyn/cm).  The  measured  thresholds  for  indium  and  gaillum/lndlum  are 


similar,  whereas  that  for  potassium  is  much  lower.  This  trend  is  in  qualita¬ 
tive  agreement  with  the  expected  dependence  on  surface  tension.  In  addition, 
the  results  in  Figure  10  show  that  the  average  current  is  a  linear  function  of 
the  applied  voltage  over  the  range  studied.  Furthermore,  the  average  current 
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Figure  1 0.  Average  electron  emission  current  as  a  function  of  the  power  supply 
voltage. 

Ballast  resistor:  (a)10Mi2.  (b)  lOOMti. 
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measured  with  a  lO-Mo  ballast  resistor  is  approximately  a  factor  of  10  larger 
than  the  corresponding  values  measured  with  a  100-MO  resistor.  This  scaling 
with  load  resistance  indicates  that  the  current/voltage  behavior  of  the  diode 
is  determined  by  the  ability  of  the  power  supply  to  charge  the  circuit  to  the 
required  voltage  following  each  electron  pulse. 

Figures  11  and  12  show  the  measured  pulse  repetition  rate  for  an  indium 
emitter  as  a  function  of  applied  voltage  with  the  lO-MQ  and  100-MQ  ballast 
resistors,  respectively.  As  expected,  the  pulse  rate  is  a  linear  function  of 
the  diode  voltage.  Since  both  the  average  current  (Figure  10)  and  pulse  rate 
(Figures  11  and  12)  are  linear  functions  of  the  voltage,  the  current  per  pulse 
remains  essentially  constant  with  voltage,  as  clearly  shown  by  the  data  in 
Figures  11  and  12.  Apparently,  once  the  diode  exceeds  the  threshold  voltage, 
the  electron  pulse  size  cannot  be  increased  by  increasing  the  voltage.  This 
behavior  implies  that  the  maximum  possible  surface  area  is  active  for  voltages 
just  above  threshold.  The  only  effect  of  raising  the  diode  voltage  is  to  re¬ 
duce  the  charging  time  between  pulses. 

Figures  13  through  16  give  the  corresponding  results  measured  for 
gal  liura/indlum  and  galllura/lndlura/tln.  Tn  each  case,  not  only  is  the  current 
per  pulse  constant  above  threshold,  but  its  absolute  value  is  very  similar, 
ranging  between  0.3  and  0.35  pA.  In  contrast.  Figures  17  and  IR  show  the 
results  for  potassium,  where  the  current  per  pulse  is  seen  to  be  much  smaller, 
0.052  pA,  although  it  is  still  constant  with  voltage.  This  marked  difference 
may  be  associated  with  the  differing  work  functions  and  thermal  conductivities 
of  the  metals. 

Swanson  and  Schwlnd^  reported  that  prior  to  the  onset  of  explosive  emis¬ 
sion,  an  ~3-ns  period  of  slow  current  rise  could  be  seen,  corresponding  to 
pure  electron  field  emission.  A  similar  result  is  found  here,  as  shown  In 
Figure  1*^.  Tn  the  present  case,  the  linear  onset  period  appears  to  be 
~in  ns  and  reaches  an  amplitude  of  only  a  few  mllllamperes  before  the  main 
pulse  is  produced.  On  the  other  hand,  Swanson  and  Schwlnd  found  the  onset  of 
explosive  emission  to  occur  at  ~50-mA  emission.  These  differences  may  be 
associated  with  the  different  liquid  metals  used  and  the  different  diode 
geometries . 
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Figure  1 1 .  Pulse  rate  (■)  and  current  per  pulse  {□)  for 
indium  liquid  metal  emitter  as  a  function  of 
applied  diode  voltage  with  a  1 0  MQ  load. 


24 


y  3 


10  15  20  25 


POWER  SUPPLY  VOLTAGE  (kV) 


RA-M-2448-2 


Figure  13.  Pulse  rate  (□)  and  current  per  pulse  (♦) 
for  gallium  indium  liquid  metal  emmiter 
as  a  function  of  applied  diode  voltage 
with  a  10  M£2  load. 
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Figure  14.  Pulse  rate  (a)  and  current  per  pulse  (♦) 
for  gallium  indium  liquid  metal  emitter  as  a 
function  of  applied  diode  voltage  with 
a  100  MQ  load. 
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Figure  15.  Pulse  rate  (■)  and  current  per  pulse  (□) 
for  gallium  indium  tin  liquid  metal  emitter 
as  a  function  of  applied  diode  voltage  with 
a  10  MO  load. 
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Figure  1 7.  Pulse  rate  (q)  and  current  per  pulse  (♦)  for  potassium 
liquid  metal  emitter  as  a  function  of  applied  diode 
voltage  with  a  10  MQ  load. 
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Under  normal  operating  conditions,  the  liquid  metal  field  emission 
electron  source  produces  a  considerable  level  of  optical  radiation.  As  noted 
above,  the  spaclal  extent  and  qualitative  appearance  of  the  optical  emission 
changes  with  the  mode.  With  only  the  Ga/In  alloy,  the  emission  appears  at  the 
very  tip  of  the  needle  and  Is  bluish-white.  This  emission  was  also  observed 
and  photographed  by  Swanson  and  Scbwlnd.-^  In  the  enhanced  mode  with  argon  as 
the  added  gas,  the  optical  emission  Is  more  diffuse,  extending  many  milli¬ 
meters  from  the  tip,  and  has  an  appearance  more  characteristic  of  argon  dis¬ 
charge.  Although  this  optical  emission  was  observed  previously,  the  dispersed 
spectrum  apparently  was  not  measured.  It  seems  reasonable  to  assume  that  the 
spectrum  contains  information  on  the  emitting  species  and  may  shed  some  light 
on  the  mechanisms  producing  the  electron  emission  in  each  mode. 

The  experimental  arrangement  shown  in  Figure  20  was  assembled  to  record 
the  optical  emission  spectrum  produced  by  the  liquid  metal  field-emission 
Source.  The  light  from  the  emitter  tip  was  focused  onto  the  entrance  slit  of 
a  scanning  0.5-m  monochromator  equipped  with  an  RCA  8R50  photomultiplier 
tube.  Optical  spectra  were  recorded  using  a  PDF  11/2  computer  to  slowly  scan 
the  monochromator  while  counting  the  pulses  from  the  photo  tube.  The  overall 
light  collection  efficiency  was  not  very  high,  and  wide  monochromator  slits 
were  needed  to  obtain  measurable  signal  levels.  The  resulting  spectral  reso¬ 
lution  was  typically  0.5-1  nm.  This  resolution  is  sufficient  to  identify  some 
of  the  observed  emission  lines,  particularly  those  associated  with  argon;  how¬ 
ever,  it  is  too  low  to  assist  with  identification  of  many  unassigned  lines 
(see  below).  Furthermore,  because  of  the  low  signal  levels,  long  scan  times 
were  required  (20-60  minutes),  during  which  it  was  difficult  to  maintain  the 
steady  operation  of  the  source.  Thus,  relative  peak  heights  cannot  provide 
reliable  information. 

Since  we  can  assume  that  the  optical  emission  is  directly  associated  with 
the  electron  pulse,  it  should  be  temporally  correlated.  Figure  21  shows  the 
oscilloscope  traces  corresponding  to  the  electron  pulse  (lower  trace)  and  the 
photon  pulse  (upper  trace).  The  apparent  SO-ns  delay  is  accounted  for  by  the 
photoelectron  transit  time  of  the  8850  photomultiplier  tube. 

Figure  22  shows  a  typical  optical  emission  spectrum  between  40n  and 
500  nm  with  the  source  operating  with  Oa/In  only.  The  conditions  were  similar 
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Experimental  configuration  used  to  measure  optical  emission  from  liquid  metal  emitter  tips 
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>^0  chose  used  to  recocd  Che  elecCCon  pulse  signals  In  Figure  4.  In  chls  wave- 
lengch  range,  chree  lines  are  assoclaced  wlch  neucral  Ga  and  four  lines  arise 
from  neucral  In  acomlc  emission.  Two  ocher  lines  can  be  assoclaced  wlch  ionic 


Indium  cransicions.  Of  parclcular  Inceresc  Is  Che  line  cencered.  near  426  nm . 
This  feacure  Is  clearly  broader  Chan  Che  ochers  and  may  be  assoclaced  wlch  a 
molecular  species.  Liccle  Is  known  concerning  che  opcical  emission  speccra 

Q 

assoclaced  wlch  Ga2,  In2,  and  Gain  molecules.  Gincer  ec  al.  have  reporced 
some  eleccronlc  cransicions  arising  from  Ga2  and  In2;  however,  mosc  are  ac 
wavelengchs  in  che  UV  range  or  longer  chan  500  nm.  These  anchors  also  reporc 
a  feacure  ac  482.4  nm  chac  Chey  assoclaCe  wlch  che  Gain  molecule.  The  prom- 
inenc  cranslclon  ac  485.6  nm  chaC  appears  in  Figure  22  may  be  due  co  chac 
species  racher  chan  co  In’*",  alchougb  more  decailed  scudles  are  required  co 
escablish  chls  wlch  cercalncy.  In  general,  Che  lack  of  scrong  molecular  emis¬ 
sion  and  Che  presence  of  exclced  ions  is  Indicacive  of  very  high  effeccive 
cemperacures  In  che  emission  region. 

In  concrasc  Co  che  relacively  simple  speccrum  of  Figure  22,  che  opcical 
emission  speccrum  assoclaced  wlch  che  enhanced  Ga/Tn/Ar  mode  shown  in 
Figure  23  is  considerably  more  complex.  The  majoricy  of  cransicions  can  be 
readily  assigned  co  che  argon  acom.  The  wavelengchs  indlcaced  in  che  figure 
are  che  known  poslclons  for  a  number  of  argon  acomic  lines. 

Because  che  emlcclng  species  are  confined  to  che  region  of  Che  field 
emission  clp,  chey  are  subjecced  Co  very  high  elecCrlc  field  screngchs 
("I  V/').  Thus,  che  emission  lines  will  be  sulcably  Scark-shif ced .  Provided 
chac  che  line  poslclons  can  be  decermlned  wlch  sufficienc  accuracy,  Ic  should 
he  possible  Co  use  che  measured  shifcs  Co  decermine  che  corresponding  eleccric 
field  screngch  ac  Che  poinC  of  emission.  This  mechod  offers  a  simple  diagnos- 
clc  of  che  field-emission  process.  Unforcunacely,  che  low  resolucion  used  co 
jbcaln  che  daca  In  Figure  23  does  noC  warranC  a  derailed  analysis  of  Chls 
cype.  Noneche less ,  che  uclllcy  of  chls  approach  is  apparenc,  and  ic  will  be 
eyploiced  In  che  near  fucure. 
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CONCLITSIOMS 


Liquid  metal  field-emission  sources  appear  to  have  desirable  charac¬ 
teristics  as  the  active  element  of  a  high-current  repetitive  switch.  The 
results  we  obtained  Indicate  that  many  of  the  operational  parameters  of  these 
devices  can  be  controlled,  although  the  mechanisms  are  not  y^t  understood.  In 
particular,  the  enhanced  mode  of  operation  found  for  the  ^a/In/Sr  system  gives 
very  large,  narrow  current  pulses  by  an  unknown  mechanism.  The  use  of  various 
diagnostics,  including  the  dispersed  optical  emission,  may  provide  some  in¬ 
sight  into  these  mechanisms. 


Additional  research  is  required  to  determine  the  optimum  configuration 
for  a  practical  switch.  The  choice  of  metals,  the  diode  geometry,  and  the 
triggering  mechanism  will  need  to  be  addressed  before  the  liquid  metal 
field-emission  device  can  he  incorporated  into  an  active  switch.  - 
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APPENDIX 


ABSTRACT 


A  liquid  mecal  ion  source  CLMIS)  of  the  type  used  for  ion  beam  ilcbo- 
eraphy  can  also  be  used  to  produce  large  pulses  of  electrons  via  field  emis¬ 
sion.  These  sources  typically  consist  of  a  small  capillary  through  which  a 
liquid  metal  is  forced.  The  application  of  a  voltage  between  this  capillary 
and  an  extraction  anode  causes  the  liquid  metal  to  form  a  sharp  cone.  IJhen 
the  intense  field  at  the  tip  exceeds  the  threshold  for  field  emission,  a  large 
electron  current  flows  from  the  tip  to  the  anode.  The  production  of  this 
electron  pulse  results  in  the  rapid  heating  of  the  liquid  metal  tip,  leading 
to  an  explosive  pressure  Increase  and  collapse  of  the  tip.  As  the  field  is 
restored,  the  tip  re-forms,  with  a  resultant  self-pulsing  mode  of  operation. 

The  pulse  repetition  rate,  the  average  current,  and  the  current  per  pulse  are 
all  functions  of  the  metal  composition,  emitter  geometry,  and  applied  diode 
voltage.  These  characteristics  are  reported  for  a  variety  of  conditions  and 
show  that  a  single  emitter  tip  can  produce  current  pulses  in  excess  of  50  amperes, 
with  a  rise  time  of  a  few  nanoseconds  and  a  width  of  5-50  ns.  Repetition 
rates  vary  between  10  Hz  and  20  kHz.  In  addition  to  the  observed  electron 
emission,  optical  radiation  is  also  produced.  The  dispersed  visible  spectrum 
shows  predominantly  emission  from  neutral  atomic  species,  presumably  excited 
by  electron  impact  in  the  gas  phase. 


INTRODl'CTIDhT 


Many  developing  technologies,  such  as  electromagnetic  propulsion. 


directed  energy  applications,  and  controlled  fusion.  Involve  the  use  of  pulsed 


power  techniques.  This  technology  normally  Incorporates  capacitive  storage  of 


electrical  energy  that  Is  rapidly  delivered  to  a  load  hy  means  of  fast  switches 


such  as  spark  gaps.  However,  Inductive  storage  Is  of  considerable  Interest 


primarily  because  of  the  order  of  magnitude  Improvement  In  stored  energy 


density.  One  key  problem  limiting  the  development  of  an  Inductive  storage 


system  Is  the  lack  of  a  fast,  reliable,  repetitive  opening  switch.  A  number 


of  techniques  are  being  Investigated  for  the  development  of  such  switches, 


with  the  majority  taking  the  form  of  electron-beam  controlled  discharge 
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devices.  ’  The  present  study  focuses  on  the  application  of  a  very  different 


technology  to  the  problem  of  fast  repetitive  switching:  a  vacuum  trlode  with 


an  active  element  formed  by  a  liquid  metal  field-emission  electron  source. 


This  novel  electron  emission  source  has  the  promise  of  providing  low  voltage 


control,  fast  response  time,  high  electron  emission  current  density,  high 


voltage  standoff,  vacuum  operation,  and  a  long  operational  lifetime. 


Positive  Ion  sources  based  on  field  evaporation/f leld  ionization  of 


liquid  metals  have  been  under  Investigation  for  a  number  of  years.  These 


sources  have  been  successfully  operated  In  a  dc  mode  to  produce  Ions  of  a  wide 


variety  of  elements,  including  atomic  and  molecular  Ions  of  LI,  Cs ,  Sn,  Ga , 


In,  Hg,  Au,  Bi,  Ge,  and  U.  In  general,  the  liquid  metal  Ion  source  (LMIS) 


consists  of  a  solid  metal  nozzle  or  needle,  typically  made  of  tungsten,  that 


Is  wet  with  a  continuous  supply  of  a  liquid  metal.  When  an  electric  field  Is 


established  between  the  emitter  tip  and  a  suitable  extraction  electrode,  the 


liquid  metal  is  drawn  Into  a  sharp  point  such  that  the  electrostatic  and 


m 


surface  tension  forces  are  balanced.  The  resulting  cone  tip  is  well  described 


in  the  static  case  by  the  Taylor  model;  however,  in  the  actual  fluid  dynamic 
operation  of  the  source,  the  tip  behavior  may  be  more  complex.^  Because  of 
the  very  small  radius  of  the  cone  tip  (hundreds  of  Angstroms),  the  local  elec¬ 
tric  field  becomes  sufficiently  strong  (1  V/ '<)  to  extract  positive  ions  from 
the  liquid  metal.  Total  emission  currents  in  excess  of  100  uA  have  been 
achieved  in  many  cases,  with  very  high  long-term  stability. 

The  conditions  that  exist  at  the  tip  of  the  LMIS  described  above  can  also 
produce  electron  field  emission  if  the  potentials  are  reversed.  This  type  of 
source  has  been  demonstrated  by  Swanson  and  Scbwlnd . ^  Although  field-emission 
electron  sources  are  well  known  and  extensively  used  in  electron  microscopes, 
they  have  typically  depended  on  solid,  needle-point  "whiskers"  of  tungsten  to 
produce  the  requisite  field  strength.  On  the  other  hand,  the  use  of  liquid 
metal  sources  for  Intense  electron  field  emission  has  not  been  Investigated  in 
a  systematic  manner. 

When  operated  in  the  electron  field-emission  mode,  a  Oa/In  liquid  metal 
emitter  produced  extremely  high  peak  currents  in  a  free-running  self-pulsing 
mode .  ^  Current  pulses  with  peak  values  of  40-60  A  have  been  measured  from  a 
single  tip,  with  rise  times  of  2  ns  and  3-5  ns  full  width  at  half  maximum  ( fwhm) 
The  pulse  repetition  rate  depends  on  the  RC  time  constant  of  the  circuit  and 
the  power  supply.  Repetition  rates  of  between  40  Hz  and  80  kHz  have  been  mea¬ 
sured.  In  this  mode,  the  current  goes  completely  to  zero  after  each  pulse  and 
stays  at  zero  if  the  voltage  is  removed.  The  explanation  offered  for  this 
pulsing  behavior  is  that  as  the  field  is  applied,  electrostatic  forces  draw 
the  liquid  metal  into  a  cone  with  decreasing  tip  radius.  The  tip  radius  at  a 
given  electric  field  strength  depends  primarily  on  the  surface  tension  of  the 
liquid  metal.  As  the  tip  radius  decreases,  the  local  field  strength  in  the 


V* 


vicinity  of  Che  tip  increases  Co  the  point  where  field  emission  of  electrons 
becomes  possible.  Localized  heatlnp  at  the  tip  results  from  the  enerpy-exchanpe 
processes  chat  accompany  field  emission.  This  heating  can  be  sufficiently 
rapid  and  extensive  Co  evaporate  the  liquid  metal  in  an  explosive  event  that 
momentarily  shorts  the  diode  with  a  large  burst  of  current.  The  tip  then 
collapses  because  the  field  drops  as  the  diode  is  shorted.  However,  as  soon 
as  the  tip  collapses  and  the  current  flow  is  interrupted,  the  field  reappears, 
and  the  tip  begins  to  re-form  as  the  liquid  metal  flows  into  position  Co  heal 
the  damage.  A  new  tip  then  begins  to  form,  and  the  process  repeats  Itself, 
leading  to  a  rapid  self-pulsing  effect. 
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Two  energy-exchange  processes  are  responsible  for  Che  heating  observed  in 
a  liquid-metal  source  described  above.  At  low  electron  emission  currents,  the 
energy  exchange  is  dominated  by  the  so-called  Nottingham  effect.  This  effect, 
which  can  produce  either  heating  or  cooling  of  the  cathode,  arises  from  the 
net  difference  In  energy  between  the  source  of  electrons  (the  liquid  metal) 
and  the  free  electrons  emitted  by  the  tip.  The  second  energy-exchange  process 
is  the  more  familiar  resistive,  or  Joule,  heating.  This  latter  process  be¬ 
comes  Important  at  higher  emission  currents  and  is  due  to  the  finite  elec¬ 
trical  resistance  of  the  metal.  Since  large  numbers  of  free  electrons  must  be 
supplied  from  the  electrical  source  through  the  liquid  metal  to  the  tip,  the 
Joule  heating  can  produce  a  very  rapid  temperature  rise.  A  single  liquid 
metal  field-emission  tip  operating  in  the  self-pulsing  mode  would  not  yield  a 
useful  pulsed  power  system.  However,  the  total  peak  current  required  for  many 
practical  switching  applications  could  be  achieved  by  an  array  of  such  liquid 
emitters.  If  a  10  x  10  array  of  sources  were  made  so  that  each  of  the  100 
sources  produced  about  50-A  peak  current  pulses,  then  it  would  be  possible  to 
produce  5  kA  of  peak  switched  current.  For  such  an  array  to  work,  all  the 
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dps  would  have  to  "explode"  very  nearly  simultaneously  because  of  the  short¬ 


ing  effect  of  the  tip  explosion.  This  would  require  accurate  fabrication  of 
the  cathode  structure,  or  Individually  controlled  tips  all  acting  in  parallel 
or  both.  One  feature  of  the  liquid  emitter  seems  to  be  that  the  onset  of  the 
explosive  emission  is  repeatable  for  a  given  tip.  Thus,  It  may  be  possible  t 
make  a  small  array  with  tips  that  can  he  individually  biased  to  within  a  few 
volts  of  the  onset  of  emission  and  then  pulsed  together  to  trigger  simultane¬ 
ous  emission.  The  maximum  current  pulse  reported  by  Swanson  and  Schwlnd^  for 
a  single  tip  was  250  A.  Thus,  a  four-tip  array  with  simultaneous  triggering 
would  switch  a  1-kA  pulse. 

Another  alternative  would  he  to  fabricate  a  much  larger  array  such  that 
enough  tips  would  explode  at  any  given  time  to  switch  the  required  current 
loads.  In  a  100  x  100  array,  only  0.04%  of  the  tips  would  have  to  trigger 
simultaneously  to  switch  the  same  load.  If  the  average  emission  pulse  is 
10  ns,  and  the  self-pulsing  rate  Is  100  Hz,  then  there  is  a  high  probability 
that  four  or  more  dps  would  trigger  simultaneously.  Thus,  the  multipoint 
array  would  not  require  individual  tips  to  be  controlled  but  rather  would 
depend  on  the  random  pulsing  of  a  large  number  of  tips. 

Another  possible  approach  to  the  multitip  array  is  the  use  of  a  linear 
source.  Clampitt  and  coworkers^  have  reported  that  when  molten  metal  forms  a 
thin  film  along  a  linear  structure  ("razor  blade")  in  the  presence  of  an 
strong  electric  field,  a  periodic  cusp-like  structure  is  generated.  The 
periodicity  of  the  cusps  is  determined  by  the  field  strength  and  the  surface 
tension  of  the  liquid.  Each  cusp  then  acts  as  a  Independent  emission  site, 
resulting  in  a  one-dimensional,  linear  array  of  tips.  Although  Clampitt 's 
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woL'k  ciemonst  raced  chis  type  of  source  only  for  ion  emission,  it  is  reasonable 
to  expect  a  similar  effect  to  produce  electron  emission  under  the  correct 
conditions . 

The  liquid  metal  field  emitter  has  several  appeallnp  features  for  the 
fast,  repetitive  switch  application.  It  can  deliver  very  large  peak  currents 
in  a  pulsed  mode  without  destroying  itself.  It  is  self-healing  in  the  event 
of  discharge,  since  the  working  tip  material  is  resupplied  by  the  liquid.  The 
liquid-metal  field  emitter  can  supply  its  own  positive  ions  for  space  charge 
neutralization.  It  can  he  shut  off  rapidly,  and  its  emission  is  highly 
repeatable  for  a  given  geometry. 

The  nanosecond  pulse  lengths  reported  below  and  in  the  literature  for 
liquid  metal  electron  emission  sources  are  coo  short  with  respect  to  the 
millisecond  L/R  time  constants  of  many  practical  switching  circuits.  As  noted 
above,  liquid  metal  positive  ion  sources  can  easily  operate  in  the  dc  mode. 

The  explosive  evaporation  chat  has  been  observed  for  the  Ca/In  electron  source 
does  not  occur  In  the  ion  emission  mode,  primarily  because  the  Nottingham 
effect  serves  to  cool  the  source  rather  than  heat  it.  Thus,  if  the  electron 
source  can  similarly  be  made  to  operate  in  a  mode  in  which  the  Nottingham 
effect  does  not  heat  the  liquid  metal  tips  during  emission,  long-pulse  or  even 
dc  operation  should  be  possible. 

The  factors  chat  govern  b<jCh  the  magnitude  and  sign  of  the  Nottingham 
effect  are  complex  functions  of  the  liquid  material  properties  (surface  ten¬ 
sion,  work  function,  heat  capacity,  thermal  conductivity,  etc.),  the  field 
strength,  the  fluid  dynamics  of  the  system,  and  emission  characteristics  of 
the  tips.  Thus,  it  is  not  possible  to  determine  beforehand  which  systems 
Would  yield  electron  emission  with  little  or  no  energy  transfer  to  the  liquid 
metal  tip.  For  example,  one  attractive  combination  of  emitter  tip  material 
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and  substrate  material  is  liquid  cesium  flowing  on  a  molybdenum  needle  tip.  A 


partial  monolayer  coverage  of  cesium  on  molybdenum  is  known  to  produce  a  sur¬ 
face  of  very  low  work  function  (1.1  eV).  A  number  of  other  such  combinations 
are  known  and  may  prove  of  value  in  this  application.  In  fact,  mixed  emitter 
materials  such  as  zirconium-oxygen-tungsten  when  used  in  a  cold-cathode 
electron  field-emission  source  have  demonstrated  significant  cooling  of  the 
tips  with  increased  emission.^ 

An  additional  possibility  for  controlling  the  omission  characteristics  of 
liquid  metal  tips  is  laser-assisted  or  -activated  photoemlsslon .  Recent  work 
on  the  electron  emission  characteristics  of  thin  film  alkali  photocathodes 
indicates  that  large  peak  current  density  pulses  (75  A/cm  )  can  be  readily 
obtained  using  low  power  laser  excitation.  This  behavior  suggests  that  the 
liquid  metal  tips  could  similarly  yield  large  current  density  pulses  of  elec¬ 
trons  under  laser  irradiation.  This  approach  has  the  advantage  of  a  very 
rapid  switching  time,  governed  by  the  laser  pulse  shape.  Thus,  an  array  of 
liquid  emitters  (either  two-dimensional  or  linear  cusps)  could  be  biased  to  a 
point  .just  below  their  nominal  field-emission  point  and  then  switched  on  by  a 
low-power,  nanosecond  laser  pulse.  If  the  tip  bias  voltage  were  simultaneously 
raised  above  the  emission  threshold  value,  then  the  electron  emission  initi¬ 
ated  by  the  laser  pulse  might  be  sustained  by  the  static  field.  This  combina¬ 
tion  could  produce  long-pulse  or  even  dc  switch  action  with  very  fast, switch¬ 
ing  time  and  high  peak  current  density. 
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EXPERIMENTAL  DETAILS 
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The  vaciuim  cesc  stand  used  for  this  work  consists  of  a  large  (45-0!"  dia¬ 
meter,  25-L  Volume)  aluminum  chamber  pumped  by  a  baffled  6-in.  oil  diffusion 
pump.  Base  pressures  are  typically  1  x  10“^  Torr,  rising  to  varying  degrees 
(see  below)  when  the  source  is  operating.  The  front  flange  of  the  chamber  is 
fabricated  from  Lucite  to  allow  continuous  observation  of  the  emitter  tips 
under  actual  operating  conditions.  In  addition,  a  smaller  quartz  window  is 
provided  on  the  rear  vacuum  flange  to  permit  observation  of  the  optical  emis¬ 
sion  spectrum  that  accompanies  the  electron  emission.  As  shown  schematically 
in  Figure  1,  the  emitter  tip  forms  the  cathode  of  a  simple  diode  structure. 

The  anode  is  formed  by  an  extraction  aperture  and  collector  plate  that  are 
spaced  apart  by  10  cm  hut  electrically  connected.  The  tip  is  mounted  such 
that  it  is  coplanar  with  the  0. 25-in.  diameter  extraction  aperture.  Electri¬ 
cally,  the  anode  structure  is  connected  to  a  variable  0-  to  25-kV  power  supply 
through  a  ballast  resistor.  The  cathode  tip  is  grounded  through  the  50^1  input 
Impedance  of  a  Tektronix  model  2430  digital  storage  oscilloscope.  The  ballast 
resistor  used  was  either  10  MQ  or  100  Mri,  and  the  overall  capacitance  of  the 
system  was  approximately  30  pF. 

In  these  preliminary  experiments,  we  have  investigated  a  number  of  liquid-metal 

9 

emitter  tip  configurations,  including  a  commercially  available  tungsten  needle. 

This  needle  has  an  nominal  opening  of  0.001  in.,  as  shown  in  Figure  2(a).  In 
the  simplest  configuration,  this  needle  is  mounted  to  a  Swagelock  fitting  con¬ 
nected  to  a  length  of  0.25-ln.  diameter  Teflon  tubing.  The  tubing  exits 
through  the  vacuum  chamber  and  serves  as  the  feed  source  for  the  liquid  metal 
and  permits  adjustment  of  the  pressure  behind  the  emitter  tip.  The  Teflon 
feed  line  can  be  evacuated  or  pressurized  with  an  added  gas.  This  arrangement 
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was  used  only  for  metals  that  are  liquid  at  room  temperature.  Two  other 
methods  were  used,  both  Involving  an  open  pool  of  liquid  metal.  The  configu¬ 
ration  shown  In  Figure  2fh)  consisted  of  an  etched  tungsten  whisker  that  pro¬ 
truded  through  a  small  droplet  of  liquid  metal  held  In  a  depression  formed  in 
the  cathode  plate.  The  third  arrangement,  shown  in  Figure  2(c),  was  similar 
but  lacked  the  whisker  and  was  equipped  with  a  ceramic  heater  element  below 
the  liquid  metal  pool,  so  that  higher  melting  point  materials  could  be  studied. 

Operation  of  the  liquid  metal  field-emission  source  is  straightforward. 
Before  the  test  stand  is  evaculated  a  supply  of  metal  Is  placed  in  the  Teflon 
tube  near  the  emitter  tip  for  configuration  2(a),  or  in  the  appropriate  loca¬ 
tions  for  configurations  2(b)  and  2(c).  During  pumpdown  of  the  test  stand 
with  tip  2(a),  the  volume  behind  the  liquid  metal  supply  is  evacuated  using 
the  pumping  system  shown  in  Figure  1.  This  step  is  prevents  the  trapped  gas 
behind  the  liquid  metal  from  forcing  the  alloy  through  the  tip  into  the  low 
pressure  region  of  the  main  chamber.  Once  the  test  stand  has  been  evacuated, 
the  liquid  metal  must  be  pressurized,  so  that  it  begins  to  flow  through,  and 
wet,  the  tip.  Once  liquid  metal  is  seen  to  protrude  from  the  tip,  the 
high-voltage  bias  can  be  applied.  For  configuration  2b,  no  additional  prepa¬ 
rations  are  needed,  since  the  liquid  metal  readily  wets  the  tungsten  whisker 
and  flows  along  Its  length  to  the  tip.  Configuration  2c  was  typically  used 
with  metals  requiring  heating,  such  as  indium  and  potassium.  \  thermocouple 
attached  to  the  cathode  allowed  the  metal  temperature  to  be  adjusted  as  needed. 

Depending  on  the  exact  tip  configuration,  prior  conditioning,  etc.,  the 
Voltage  threshold  for  electron  emission  may  vary  from  a  few  to  15  kV.  At 
threshold,  the  electron  emission  is  somewhat  erratic,  triggering  the  scope  at 
random.  However,  with  only  a  modest  Increase  in  voltage  above  threshold 
(1-200  volts),  the  emission  becomes  more  stable.  Re  means  of  the  averaging 
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Pulsed  Electron  Emission  Characteristics 

Figure  3  shows  a  typical  trace  recorded  In  the  manner  described  above  us¬ 
ing  tip  configuration  2(a)  with  Ga/In  (75:25).  The  average  peak  pulsed  elect¬ 
ron  current  Is  seen  to  be  26  amperes.  The  pulse  rise  time  Is  measured  to  be 
1.6  ns,  with  an  fwhm  of  3.5  ns.  Under  our  experimental  conditions  (effective 
circuit  capacitance  of  30  pF) ,  the  measured  repetition  rate  was  10-20  kHz. 
Although  this  pulsing  rate  Is  somewhat  slower  than  that  reported  by  Swanson 
and  Schwlnd^  (40-80  kHz),  the  pulse  shape  and  peak  current  are  comparable. 

This  simple  emitter  configuration  yielded  stable  operation  for  many  hours  with 
a  signal  of  the  type  characterized  by  the  trace  In  Figure  3.  It  was  necessary 
to  apply  a  slight  positive  gas  pressure  behind  the  liquid  metal  however,  In 
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order  to  sustain  this  long-term  operation.  Even  under  these  conditions,  the 
pressure  rise  in  the  chamber  amounted  to  only  5  x  10"5  This  small 

pressure  rise  Indicates  that  the  gas  used  to  force  the  Ga/In  alloy  through  the 
tip  does  not  pass  directly  into  the  vacuum  chamber. 

An  alternative  operational  mode  was  observed  when  the  added  gas  pressure 
was  Increased  beyond  that  required  to  sustain  a  normal  liquid  metal  tip.  This 
alternative  mode  was  characterized  by  a  greater  rise  In  chamber  pressure 
(5-8  X  in  ^  Torr),  Indicating  that  the  added  gas  was  "channeling"  through  the 
liquid  metal  and  passing  directly  Into  the  vacuum  chamber.  A  typical  electron 
pulse  in  this  mode  Is  shown  In  Figure  4  using  argon  gas  with  the  same  Ga/In 
alloy  that  produced  the  results  in  Figure  3.  The  peak  electron  current 
clearly  is  greatly  enhanced,  reaching  78  A.  In  addition,  the  rise  time  Is  now 
less  than  1  ns,  while  the  fwhm  Is  also  reduced  to  1.4  ns. 
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The  mechanism  respunsible  for  this  Improved  performance  Is  not  yet  under¬ 


stood.  However,  prolonged  operation  In  this  mode  (many  hours)  resulted  In  a 
significant  erosion  of  the  emitter  tip.  This  erosion  typically  resulted  In  an 
increase  In  throat  size  from  0.001  In.  to  as  much  as  0.010  In.  Some  addi¬ 
tional  qualitative  observations  can  be  made  concerning  operation  In  the 
enhanced  mode  relative  to  the  normal  mode.  In  the  normal  mode,  electron  emis¬ 
sion  is  accompanied  by  optical  radiation  produced  at  the  tip.  This  optical 
emission  was  also  observed  by  Swanson  and  Schwind  to  be  localized  at  the  tip 
[cf.  Figure  4(c)  in  reference  5].  Visually,  this  emission  appeared  to  be 
blulsh-whlte,  with  a  very  small  spatial  extent.  On  the  other  hand.  In  the 
added  gas  mode  with  argon,  the  appearance  of  the  optical  emission  changed 
significantly.  Under  this  mode,  the  spatial  extent  of  the  emission  was  much 
larger  (many  millimeters)  and  had  an  appearance  more  characteristic  of  an 
argon  emission  spectrum.  These  qualitative  observations  have  been  substanti¬ 
ated  by  measurements  of  the  dispersed  emission  spectra  (see  below).  In  addi¬ 
tion  to  the  changes  In  the  light  emitted  from  the  tip  region  under  the  two 
operating  modes,  the  added  gas  mode  also  produced  an  incandescent  region  just 
at  the  rim  of  the  emitter.  Because  of  the  small  size  of  the  tip,  this  region 
cannot  be  localized  to  the  Inside  of  the  tip,  the  rim  itself,  or  the  entire 
tip  region.  The  Incandescence  seems  to  indicate  that  the  tip  region  is  being 
bombarded,  most  likely  by  positive  ions  accelerated  in  the  extraction  field. 

In  addition  to  causing  the  incandescent  glow,  these  ions  may  also  generate 
secondary  electrons  that  would  contribute  to  the  enhanced  field-emission 
pulse.  This  mechanism  does  not,  however,  address  the  changes  in  the  temporal 
behavior  of  the  electron  emission.  In  fact,  a  simple  calculation  shows  that 
for  the  experimental  extraction  field  strength  of  3.2  x  10^  V/cm  (10  kV  bet¬ 
ween  the  tip  and  the  extraction  electrode,  0.32-cm  spacing),  argon  ions  could 
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only  reach  the  Clp  In  a  time  short  compared  with  the  1  ns  rise  time  of 
Figure  4  If  they  were  formed  within  4  x  10~^  cm  of  the  clp  region.  However, 
Ions  formed  that  close  to  the  tip  would  only  be  accelerated  to  12  eV  before 
striking  the  emitter.  This  energy  Is  not  sufficient  to  produce  secondary 
electrons.  Moreover,  the  primary  electrons  emitted  by  the  tip  would  similarly 
have  only  about  12  eV  of  energy  at  the  4  x  10~^  cm  distance,  where  argon  Ions 
would  need  Co  be  formed  by  electron  Impact  Ionization.  Since  this  energy  Is 
below  the  argon  Ionization  potential,  this  mechanism  does  not  seem  to  fit  the 
observations.  Nonetheless,  some  Interaction  between  the  added  gas  and  the  clp 
causes  the  Incandescence,  although  It  Is  not  clear  at  this  time  whether  this 
process  Is  related  to  the  enhanced  electron  emission  or  altered  pulse  shape. 

Several  brief  experiments  were  conducted  using  added  gases  other  than 
argon.  Both  helium  and  hydrogen  produced  similar  results:  enhanced  electron 
emission  with  a  corresponding  narrowing  of  the  pulse  length.  Because  the 
exact  conditions  are  difficult  to  reproduce  using  the  existing  configuration, 
it  Is  not  possible  to  determine  If  the  gas  pressure  and  liquid  metal  supply 
were  comparable  from  one  gas  species  to  the  next.  Thus,  It  Is  not  possible 
from  these  results  to  determine  If  one  of  these  gases  Is  more  effective  chan 
another  at  enhancing  the  electron  emission.  This  type  of  quantitative  com¬ 
parison  requires  a  configuration  chat  uses  an  Independent  liquid  metal  feed 
system  so  chat  the  emitting  tip  can  be  maintained  constant  while  only  the 
added  gas  species  Is  changed. 

An  alternative  method  of  adding  argon  gas  to  the  system  was  also  tested. 
Rather  chan  adding  the  gas  Co  the  liquid  metal  feed  system,  the  gas  was  simply 
admitted  Co  the  vacuum  chamber  Co  give  the  same  approximate  pressure  rise. 

The  enhanced  mode  of  operation  could  not  be  produced  under  chose  conditions, 
but  rather  the  emitter  behaved  exactly  as  with  only  the  Ga/In.  Thus,  It 


appears  Impurcanc  for  the  argon  to  be  at  a  relatively  high  pressure  at  the 
local  site  of  electron  emission. 

Two  major  shortcomings  of  the  simple  needle-type  emitter  tips  are  the 
difficulty  Sometimes  encountered  in  wetting  the  tip  and  producing  a  continuous 
flow  of  metal  and  the  erosion  noted  in  enhanced  mode  operation.  By  way  of  an 
attempt  to  overcome  these  problems,  the  alternative  field  emission  device 
shown  schematically  In  Figure  2(b)  was  tested.  For  these  tests,  a  ternary 
eutectic  of  Ga/In/Sn  (62.5/21.5/16)  was  used  having  a  melting  point  of 
in.7'^C.  This  configuration  operated  reliably,  producing  modest  peak  currents 
In  the  range  from  5  to  10  A.  The  measured  rise  time  was  generally  long, 

50-50  ns,  with  an  fwhm  of  50-75  ns.  This  type  of  field-emission  source  has 
the  advantage  of  simplicity  over  the  needle-type  source,  at  the  expense  of 
lower  currents.  A  possible  reason  for  the  reduced  peak  current  levels  Is  the 
limited  supply  of  metal  available  at  the  tip  of  the  tungsten  whisker.  Config¬ 
uration  2(c)  does  not  have  this  limitation,  although  the  lack  of  a  cathode 
whisker  can  result  In  electron  emission  from  varying  points  on  the  surface  of 
the  liquid  metal. 

Figure  5  shows  the  measured  electron  emission  peak  shape  as  a  function  of 
the  power  supply  voltage  for  liquid  indium  using  emitter  type  2(c).  Several 
observations  can  be  made  from  this  data.  First,  the  pulse  widths  are  larger 
than  for  emitter  type  2(a),  although  comparable  to  those  for  type  2(b).  TTie 
emission  pulse  for  a  10-kV  applied  potential  (near  threshold  for  emission) 
shows  a  slower  rise  time  and  a  peak  current  of  5  A.  Increasing  the  voltage  to 
15  kV  decreases  the  rise  time  and  increases  the  peak  current  to  7  A.  A  fur¬ 
ther  Increase  In  the  voltage  to  20  kV  produces  no  substantial  change  in  either 
the  temporal  behavior  or  the  emitted  peak  current. 
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As  noted  above,  the  electron  emission  characteristics  of  these  devices 


depend  on  a  number  of  factors,  Including  the  physical  properties  of  the  metals 
themselves.  The  electric  field  in  the  vicinity  of  the  emitter  tip  is  deter¬ 
mined  by  the  radius  of  curvature  of  the  liquid  metal,  which  In  turn  Is  propor¬ 
tional  to  the  one-half  power  of  the  surface  tension  (vg).  Thus,  the  threshold 
voltage  for  field  emission  in  a  fixed  geometry  diode  should  show  this  depen¬ 
dence  on  surface  tension.  Figure  6  presents  field-emission  measurements  made 
using  indium  ( Yg  =  560  dyn/cm),  gallium/lndlum  (75:25,  =  690),  and 

potassium  ( =  86).  These  plots  give  the  diode  current  (as  determined  by  the 
power  supply  drain)  as  a  function  of  the  applied  voltage  using  a  10-MO  ballast 
resistor  [Figure  6(a)],  and  a  100-MQ  ballast  resistor  [Figure  6(b)].  It  is 
apparent  from  these  data  that  the  threshold  for  field  emission  is  very  similar 
for  the  Ga/Tn  and  In  liquid  metals  and  considerably  lower  for  the  K  case. 

This  trend  is  qualitatively  in  keeping  with  the  above  cited  dependence  on 
surface  tension. 

In  each  case,  the  average  current  is  a  linear  function  of  the  voltage 
over  the  range  measured,  and  furthermore  the  results  with  the  100-Mo  ballast 
resistor  are,  to  a  reasonable  approximation,  just  a  factor  of  10  smaller  than 
the  corresponding  10-MQ  results.  This  linearity  and  scaling  with  load  resis¬ 
tor  indicate  that  the  current/voltage  limit  is  set  by  the  ability  of  the  power 
supply  to  charge  the  circuit  to  the  required  voltage  after  the  previous  cur¬ 
rent  pulse.  Thus,  the  RC  time  constant  of  the  system  should  determine  the 
repetition  rate  of  the  diode  provided  that  the  total  power  required  is  within 
the  limits  of  the  power  supply.  Figure  7(a)  shows  the  measured  repetition 
rate  for  an  indium  llquld-metai  electron  emitter  of  the  type  2(c)  configura¬ 
tion.  As  expected,  the  pulsing  rate  is  found  to  be  linear  with  the  applied 
voltage.  Interestingly,  since  both  the  average  power  supply  drain  current  and 
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Che  pulsing  race  are  linear  funcClons  of  Che  applied  volCage,  Che  currenc 


delivered  per  pulse  muse  be  conscanc.  This  behavior  is  also  demonsc raced  by 
che  resulcs  shown  in  Figure  7(a).  Apparencly,  once  Che  Chreshold  is  exceeded, 
che  eleccron  pulse  size  cannoc  be  measurably  Increased  by  increasing  che  diode 
volcage.  This  implies  chat  the  maximum  possible  emitting  area  (che  tip  of  che 
Taylor  cone)  is  active  for  voltages  just  above  threshold.  The  only  effect  of 
increasing  che  volcage  is  to  decrease  the  time  required  for  che  field  to  be¬ 
come  reestablished  after  each  pulse. 

Similar  resulcs  are  found  for  emitters  using  both  Ga/In  and  che  Oa/In/Sn 
alloy.  In  each  case,  the  currenc  per  pulse  is  in  the  range  from  0.3  to 
0.35  pA.  In  contrast,  the  corresponding  results  for  che  potassium  emitter  are 
shown  in  Figure  7(b).  Here,  che  pulse  rate  is  much  higher  than  for  any  of  che 
other  materials  studied;  however,  the  currenc  per  pulse  is  considerably  lower, 
0.052  pA.  The  origin  of  this  reduced  emission  current  per  pulse  is  not  clear, 
although  it  may  be  associated  with  the  differing  work  functions  and  thermal 
conductivities  of  these  metals. 


Optical  Emission  Studies 

Under  normal  operating  conditions,  the  liquid  metal  field  emission 
eleccron  source  produces  a  considerable  level  of  optical  radiation.  As  noted 
above,  che  spatial  extent  and  qualitative  appearance  of  the  optical  emission 
changes  with  che  mode.  With  only  the  Ga/In,  che  emission  appears  at  che  very 
tip  of  the  needle  and  is  bluish-white.  This  emission  was  also  observed  and 
photographed  by  Swanson  and  Schwlnd.^  In  the  enhanced  mode  with  argon  as  che 
added  gas,  Che  optical  emission  is  more  diffuse,  extending  many  millimeters 
from  the  tip,  and  has  an  appearance  more  characteristic  of  argon  discharge. 
Although  this  optical  emission  was  observed  previously,  che  dispersed  spectrum 
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was  not  measured.  with  the  other  metals,  a  similar  visible  emission  was 
observed  In  each  case  to  be  localized  at  the  electron  emission  site. 

A  simple  experimental  arrangement  was  used  to  record  the  optical  emission 
spectrum  produced  by  the  liquid  metal  field-emission  source.  The  light  from 
the  emitter  tip  was  focused  onto  the  entrance  slit  of  a  scanning  0.5-m  mono¬ 
chromator  equipped  with  an  RCA  8850  photomultiplier  tube.  A  PDF  11/2  computer 
scanned  tbe  monochromator  while  simultaneously  counting  the  photon  pulses. 

The  overall  light  collection  efficiency  was  not  high,  and  wide  monochromator 
slits  were  generally  needed  to  obtain  measurable  signal  levels.  The  resulting 
spectral  resolution  was  typically  0.5-1  nm.  This  resolution  Is  sufficient  to 
Identify  many  of  the  observed  emission  lines,  particularly  those  associated 
with  the  liquid  metals  and  argon;  however,  it  Is  too  low  to  assist  with  the 
Identification  of  a  number  of  the  unassigned  lines  (see  below).  Furthermore, 
because  of  the  low  signal  levels,  long  scan  times  were  required  (20-60  minutes), 
during  which  It  was  difficult  to  maintain  the  steady  operation  of  the 
source.  Thus,  relative  peak  heights  cannot  provide  reliable  information. 

Optical  emission  spectra  were  recorded  using  both  emitter  types  2(a)  and  2(c), 
the  latter  provided  greater  signal  levels. 

Figure  8  demonstrates  that  the  light  production  process  is  directly 
associated  with  the  electron  pulse.  The  lower  trace  shows  the  typical 
electron  pulse  for  an  Indium  emitter  of  type  2(c)  at  10  kV  applied  voltage. 

The  upper  trace  shows  a  photon  pulse  measured  directly  at  the  anode  of  the 
multiplier  tube.  The  observed  50-ns  delay  can  be  accounted  for  by  the  photo¬ 
electron  transit  time  of  the  8850  phototube. 

Figure  9  shows  a  typical  optical  emission  spectrum  between  400  and  500  nm 
for  a  Ga/In  llquld-raetal  emitter.  The  conditions  were  similar  to  those  used 
to  record  the  electron  pulse  signals  In  Figure  3.  In  this  wavelength  range. 
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three  Lines  are  associated  with  neutral  Ga  and  four  lines  arise  from  neutral 


In  atomic  emission.  Two  other  emission  lines  can  he  tentatively  assigned  to 
transitions  associated  with  In'*".  Little  is  known  concerning  the  optical  emission 
spectra  associated  with  Ga2,  In2*  and  Gain  molecules.  Glnter  et  al.^^  have 
reported  some  electronic  transitions  arising  from  Ga2  and  Tn2;  however,  most 
are  at  wavelengths  In  the  UV  range  or  longer  than  500  nm.  Preliminary  spec¬ 
tral  studies  in  these  regions  did  not  reveal  any  significant  emission  lines 
attributable  to  molecular  species.  Ginter  et  al.^®  also  report  a  feature  at 
482.4  run  that  they  associate  with  the  Gain  molecule.  The  prominent  transition 
at  485.6  nm  seen  in  Figure  9  may  be  due  to  that  species  rather  than  to  In’*". 

In  general,  the  lack  of  molecular  emission  features  and  the  presence  of  excited 
ions  is  indicative  of  very  high  effective  temperatures  in  the  region  near  the 
field-emission  site. 

In  contrast  to  the  relatively  simple  spectrum  of  Figure  9,  the  optical 
emission  spectrum  associated  with  the  enhanced  Ga/ln/Ar  mode  shown  in 
Figure  10  is  considerably  more  complex.  The  majority  of  transitions  can  be 
readily  assigned  to  the  argon  atom.  The  wavelengths  indicated  in  the  figure 
are  the  known  positions  for  a  number  of  argon  atomic  lines.  It  appears  that 
the  Ga  and  In  transitions  observed  in  Figure  10  are  not  as  Intense  as  those 
arising  from  the  argon. 

Because  the  emitting  species  are  confined  to  the  region  of  the  field 
emission  tip,  they  are  subjected  to  very  high  electric  field  strengths 
(>1  V/ S) .  Thus,  the  emission  lines  will  be  suitably  Stark-shifted  and 
broadened.  Provided  that  the  line  positions  can  be  determined  with  sufficient 
accuracy,  it  should  be  possible  to  use  the  measured  shifts  to  determine  the 
corresponding,  electric  field  strength  at  the  point  of  emission.  Similar 
techniques  have  been  used  to  diagnose  a  rare  gas  discharge, and  this  method 
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may  offer  a  simple  niapnostlc  of  Che  field-emission  process.  Unfortunately, 
the  low  resolution  used  Co  obtain  the  data  in  Figures  9  and  10  does  not 
warrant  a  detailed  analysis  of  this  type. 


Triggered  Operation 

Because  the  threshold  for  electron  field-emission  is  stable  for  a  given 
emitter  configuration  and  liquid  metal,  it  should  he  possible  to  trigger  the 
electron  pulse.  The  simplest  approach  is  Co  hold  the  diode  potential  just 
below  threshold  for  emission  and  then  rapidly  raise  the  diode  voltage  in  ex¬ 
cess  of  the  field-emission  threshold.  With  emitter  type  2(c)  operating  with 
potassium,  some  preliminary  triggering  tests  were  made.  A  high-voltage  pulse 
generator  was  capacitively  coupled  to  the  anode,  providing  a  variable  voltage 
pulse  (0.5-2  kV)  of  1-  to  AO-ps  duration.  The  diode  was  biased  to  within  200  volts 
of  threshold  and  the  pulse  generator  triggered.  Although  the  liquid-metal 
emitter  did  trigger,  its  operation  was  not  as  reliable  as  expected.  It  was 
not  possible  to  find  a  set  of  conditions  (dc  bias,  pulse  voltage,  pulse 
length,  etc.)  that  would  give  reliable  triggering.  Moreover,  when  the  diode 
did  trigger,  there  was  a  considerable  uncertainty  in  the  time  of  electron 
emission  relative  to  the  trigger  pulse.  In  general,  for  trigger  pulses  of  10- 
Co  AO-ps  duration,  the  electron  pulse  would  occur  with  a  seemingly  random 
delay  of  the  same  order  of  magnitude,  lO-AO  lisec.  One  possible  difficulty  is 
the  fact  that  the  trigger  pulse  must  he  coupled  into  the  anode  circuit  outside 
Che  vacuum  system.  The  anode  circuit  may  present  a  large  Inductive  load,  so 
that  Che  pulse  is  degraded  considerably  at  the  anode  itself. 


CONCLUSIONS 


Llquid-mecal  field-emission  electron  sources  appear  to  have  'desirable 
characteristics  as  the  active  element  of  a  high-current  repetitive  switch. 
These  preliminary  studies  have  shown  that  many  operational  parameters  of  these 
devices  can  be  controlled,  although  the  mechanistic  details  are  not  yet  under¬ 
stood.  In  particular,  the  enhanced  mode  of  operation  found  for  the  Ca/In/Ar 
conf i, juration  gives  very  large,  narrow  current  pulses  by  an  unknown  mechanism. 
The  use  of  various  diagnostics.  Including  measurements  of  the  optical  emission 
spectra,  may  provide  insight.  Additional  research  is  required  to  ascertain 
the  optimum  system  for  a  practical  switch,  with  the  choices  of  liquid  metal, 
emitter  configuration  and  material,  and  triggering  method  of  primary  impor¬ 
tance.  The  difficulties  encountered  with  the  simple  triggering  experiments 
must  he  understood  before  any  practical  application  of  this  technique  can  he 


considered . 
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Figure  2,  Emitter  configurations;  (a)  tungsten  nozzle;  (b)  liquid  pool  with  tungsten 
whisker;  (c)  heated  liquid  pool. 
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Figure  6.  Average  electron  emission  current  as  a  function  of  the  power  supply 
voltage. 

Ballast  resistor:  (a)10Mn;  (b)  lOOMn. 
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Figure  7.  Pulse  rate  (□)  and  current  per  pulse  for:  (a)  indium 
and  (b)  potassium  liquid  metal  field  electron  emitter 
as  a  function  of  the  applied  diode  voltage. 
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Figure  8.  Electron  and  photon  emission  signals  for  an  indium  emitter  at  an  applied  diode 
voltage  of  10  kV. 
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Optical  emission  spectrum  of  Ga/ln  emitter  between  400  and  500  nm,  with  added  argon  gas. 
Wavelengths  correspond  to  unshifted  line  positions  (see  text). 


